Summary. The nature of the gastrointestinal absorptive defect for triglyceride in three subjects with abetalipoproteinemia has been investigated by studying peroral biopsies of the gastrointestinal mucosa. The following conclusions were reached.
Introduction
In recent years there has been increasing interest in the rare syndrome variously designated as "acanthocytosis" (1, 2), "abetalipoproteinemia" (2) , the "Bassen-Kornzweig syndrome" (3) , and "congenital beta lipoprotein deficiency" (4) . The salient features of this disorder include an unusual morphologic abnormality of red cells (acanthocytosis), neurological disease, retinal degeneration, absence of plasma low density (beta) lipoproteins, and malabsorption.
The latter is distinguished from other malabsorption syndromes by the morphologic appearance of the small bowel mucosa: the fasting absorptive cells of the duodenum and proximal jejunum are engorged by numerous vacuoles (2, 5) , which are lipophilic (4-6) but do not distort villus architecture. Any unifying pathogenesis of the malabsorption in abetalipoproteinemia must explain this morphologic abnormality as well as the absence of demonstrable postprandial chylomicronemia (2) . At present, the explanation that best fits the available data is that the formation of chylomicrons by the absorptive cell, or their discharge from it, or both, are defective, and an excess of lipid is found within the cell.
This communication provides supporting evidence for this concept based on chemical and morphologic analyses of duodenal biopsies from patients on ad libitum, fat-free, and added fat diets. ' 
Methods
Patients, experimental design, and dietary control. Patient 1 (C.R.) is the patient originally reported by 1 Some of these findings have been reported in abstract form (6) . Mabry , DiGeorge, and Auerbach (5, 7) whose blood lipids have also been studied in this laboratory (8) . For the present study she was biopsied only once, in May 1960. Patient 2 (M.S.) has also been previously reported (8) . For parts of this study he was hospitalized on the U. S. Public Health Service Clinical Research Center at the University of Washington Hospital. His clinical course since the previous report is described in Appendix 1. His average weight was 21 kg during the present experiments. Patient 3 (J. G.), heretofore unreported, is described in Appendix 2. He was also hospitalized on the University of Washington Clinical Research Center during these studies, when his weight was 17 to 21 kg. The diagnosis of abetalipoproteinemia was established in all three cases on the basis of a typical clinical picture, characteristic duodenal biopsy, acanthocytosis, and absence of beta lipoproteins by immunoelectrophoresis.
All of the patients were studied at least once while they were consuming ad libitum diets. In Patient 1 no estimate could be obtained of dietary fat intake. Patients 2 and 3 were consuming an average of 0.86 and 0.88 g of fat per kg per day on their free choice regimens. In Pa- (11) . t Greater than 2 SD from normal mean. § Average of determinations on two groups of biopsies done 18 months apart. tients 2 and 3 the effects of safflower oil 2 and corn oil 3 on mucosal, plasma, and red cell lipids were studied. Patient 3 was also studied on a formula diet containing only 0.3 g of lipid per day. The intake of fat, both while the patients were on ad libitum and controlled fat diets, was estimated from standard tables of food composition (9) . The "fat-free" formula was composed of Meritene,4 160 g; Dextromaltose no. 1, 150 g; water, 574 g. Each 100 g of Meritene contained 0.2 g fat, 7,000 IU vitamin A, and 550 IU vitamin D, but no vitamin E or K On all dietary regimens patient weights were stable or increased slightly. Chemical analyses. For analysis of stool fat, specimens were collected into refrigerated paint cans over 2-to 5-day periods and frozen until analyzed. After addition of water to a total volume of 2,000 ml, the cans were sealed, shaken for 10 minutes on a mechanical paint shaker, and 10-ml samples taken for analysis by the method of Van De Kamer, Huinink, and Weyers (10) . The fat balance data in Table II exclude the first 3 days of each dietary period to allow for equilibration. The methods employed for the lipid analyses of the gastrointestinal biopsy material, methods for the emulsification of corn oil, and the data on normal individuals have been previously reported (11) . Red cell and plasma lipids and plasma lipoproteins were analyzed by methods previously described (12, 13) . Triglyceride was measured by a modified periodate oxidation method (14) .
Morphologic studies. The preparation of osmium-fixed, epon-embedded 1-/A sections and their staining with toluidine blue as well as the preparation of formalin-fixed, carbowax material subsequently stained with oil red 0 have been described in detail (15, 16) . Some fasting biopsies were quick frozen, sectioned by cryostat, and stained with oil red 0.
Results
Morphology and lipid analysis on ad libitum diets By both light and electron microscopy (17) the particles seen in the fasting biopsies of our patients were similar to those seen during normal fat absorption (15, 16, 18) , and the lipid character of the particles was demonstrable by oil red 0 stain in the frozen sections. However, they were larger, more numerous, and not observed in the intercellular spaces or the Golgi vacuoles (17) .
Analytically, total lipid was 1.5 to 3.5 times that normally found in fasting mucosal biopsies (Table I). Virtually all of the increase appeared to be due to triglycerides. subjects on a no fat diet (11), with a decrease in linoleic acid (18: 2) and a rise in oleic acid (18: 1) (Table II) . During this time fecal fat was actually more than that present in the formula. This was probably due to the fat within the replaceable population of absorptive cells being exfoliated into the gastrointestinal lumen (19) , or the production of fatty acids by intestinal microorganisms (20) , or both. The correlation between the morphology and the chemical analyses at the end of the period of low fat intake is further evidence that the abnormal lipid increment found during periods of ad libitum feeding was substantially triglyceride. Added dietary fat. After the no-fat formula diet, Patient 3 was fed a diet averaging 8.5 g of fat daily supplemented with an average of 28 g of corn oil daily. After 14 days, the fat content of his fasting mucosal biopsies was increased to 8%, 47% of which was triglyceride (Figure 2 , right; Table II , Patient 3, diet C). The corn oil was then reduced to 20 g per day, and 17 g per day (aver--age) of butter fat was added, with an increase in total average daily fat intake to 45 g. Seven days later the total fat content of the fasting mucosal biopsies was increased to 11%o of wet weight, and the triglycerides to 68%o of total lipid. During the first of these two periods of dietary fat supplementation, the patient's coefficient of fat absorption appeared to be better than on the ad libitum diet. In all periods when stool fat was analyzed in this patient, there was a correlation between the absolute amount of fat excreted in the stool per Figure 4 . There was a small decrease in total plasma free fatty acids but no change in their composition.
The effect of fatty loads on plasma lipids was also studied in Patient 2 when he had been on his ad libitum diet for several months. In both experiments, 5 hours after oral ingestion of fat there was an apparent rise in total serum triglyceride; the greatest increment occurred in the 1.063 to 1.21 ultracentrifugal fraction (Table III) . When safflower oil was fed, there was a significant increase in total plasma cholesteryl ester linoleic acid from 14 to 21 moles per 100 moles of fatty acid, but sufficient material was not available for analysis of triglyceride fatty acids. In the second experiment heptadecanoic acid was fed as a marker, and significant increments of it were detected only in the high density lipoprotein triglycerides (Table  III) .
Gastrointestinal mucosal lipids in family members
Fasting biopsy material was obtained from the fathers of Patients 2 and 3 and the mother of Patient 2 as well as a sibling of each of these patients (Table I) In abetalipoproteinemia there is also qualitative evidence that the emulsified lipid enters the absorptive cells and is resynthesized into triglyceride, but whether these processes occur at a quantitatively normal rate is not clear from the available data. Isselbacher, Scheig, Plotkin, and Caulfield (4) showed incorporation of palmitate-"C into mucosal triglyceride, but no data in normal controls were given. In one of our patients an increase in mucosal triglyceride linoleic acid was demonstrated after a corn oil load, but compared with results obtained in normal subjects the change in linoleic acid was not as great and there was no increase in mucosal triglyceride as per cent of total lipid ( 11 ) .
The available data suggest more convincingly that the defective mechanism is one of those leading directly to, or culminating in, the removal of triglyceride from the absorptive cell. All of our patients had increased fasting mucosal triglyceride on their ad libitum diets. In one patient placed on a fat-poor formula for 34 days this increment was decreased but still remained higher than in normal individuals who had consumed fat-free diets for only 14 days (11) . Furthermore, during the absorption of fat in patients with abetalipoproteinemia electron microscopy has not revealed chylomicrons in the intercellular spaces of the absorptive cells or within the lamina propria or lacteals of the villus cores (17, 24) . Distension of the Golgi vacuoles with lipophilic material in response to fat feeding (17) , and the small particles, apparently lipoproteins (25) , normally seen between the bases of the absorptive cells even during the fasting state (18) , are not found in abetalipoproteinemia (17) . Finally, postprandially or after a fatty meal there is no chylomicronemia (2, 21, present increments in the total plasma triglyceride are minimal if found at all I and may not be significant.
5These findings suggest that chylomicrons are not formed in significant quantity, although their excessively rapid removal could mask any significant influx from lymph.
Although this study and the experiments of others have not precisely elucidated the defect in triglyceride absorption, they raise two interesting questions: 1) By what route is fat absorbed in abetalipoproteinemia? 2) How is the malabsorption related to the absence of beta lipoprotein?
A reasonable answer to the first question is that the absorbed lipid may enter through the portal vein as free fatty acids (26) to be subsequently incorporated into triglyceride by the liver. Some support for this concept was obtained by Ahrens, Novikoff, and Spritz (24), who demonstrated that corn oil linoleic acid given orally to a patient with abetalipoproteinemia after 2 weeks on a fat-free diet appeared in the plasma as free fatty acid and later in esterified form. Fatty infiltration was noted in the liver of one patient (4). This change, if portal absorption is significant, might be attributed to an influx of dietary fatty acid, via the portal vein, in excess of that which could be removed from the liver by the abnormal (27) high density lipoproteins.
The second question was initially studied by Rey, who hypothesized that the absorptive defect in this disease is secondary to the absence of low density lipoproteins (21) . He raised the plasma low density lipoprotein concentration of a patient to 65 %o of normal by exchange transfusion. However, after oral fat demonstrable chylomicronemia or increased total plasma triglycerides were still not found. Although this result suggested that low density lipoproteins may not play an essential role in triglyceride absorption, another interpretation is that they were not present long enough to activate dormant enzyme systems. Alternatively, perhaps intracellular beta lipoprotein is necessary for the packaging, intracellular transport, or discharge of chylomicrons. If so, such an acute experiment might not have allowed sufficient accumulation of the lipoprotein intracellularly. Patients with Tangier disease, in whom high density lipoproteins are absent, do form chylomicrons after oral ingestion of fat.8 Since in abetalipoproteinemia chylomicrons are apparently not secreted in normal fashion, the presence of low density lipoproteins would a priori seem more essential to chylomicron formation than, as previously supposed, high density lipoprotein (29) .
The work of Sabesin and Isselbacher suggests that the intestinal absorptive cell in abetalipoproteinemia may not synthesize the protein coat necessary for the formation of chylomicrons. After administration of puromycin to rats, these animals 6Although chylomicrons are demonstrable postprandially in Tangier disease, their lipid composition is abnormal, principally in a deficiency of free cholesterol and cholesteryl ester (28) . developed a progressive fall in their serum triglycerides and numerous vacuoles in their absorptive cells similar to those seen in abetalipoproteinemia (30) . However, absence of chylomicrons in the intercellular spaces, villus cores, and lacteals, and the absence of "lipoprotein particles" in the intercellular spaces were not recorded. One implication of these studies might be that chylomicrons are necessary for low density lipoprotein formation, another that the same protein moiety is essential for both.
As in other hereditary metabolic disorders, the parents and siblings of these patients with abetalipoproteinemia have been studied. To date, none of the clinical or laboratory abnormalities observed in the patients (malabsorption, retinal degeneration, neurologic disease, plasma lipids, plasma lipoproteins, or red cell lipids) have been found in apparently normal family members.7 Our studies of the gastrointestinal mucosal lipids in five family members have been equally fruitless. Despite abundant conjecture to the contrary, it may evolve that the abnormalities presently under study are biochemically distant from the basic defect.
in January 1966 he weighed 65 pounds and was 54A inches tall, the third percentile for both height and weight. However, intelligence continued above average, and scholastic progress was satisfactory. A low fat diet was continued to avoid abdominal discomfort and diarrhea. He was urged to take supplements of unsaturated fatty acids (5 to 10 g of corn or safflower oil daily), but low levels of linoleic acid in serum lipids and adipose tissue (less than 4%) make the regularity of this intake questionable.
Neurologic examination in January 1966 8 revealed absent deep tendon reflexes except for minimal triceps responses; flexor plantar responses; impaired vibration and position sense; poorly executed tandem walking; normal perception of pin prick, light Itouch, and temperature; slightly clumsy rapid finger movements; and mild bilateral impairment of heel to knee to shin movements. The exotropia in the left eye was absent, having been surgically corrected. Funduscopic examination, visual field testing, and dark adaptometry over a 39-minute period were all normal.
The high percentage of abnormal erythrocytes (acanthocytes) persisted in the blood, although the leukocytes and platelets remained normal morphologically. (27) and will be reported in greater detail elsewhere.
Family studies. The patient's father, mother, three older siblings, and one younger sibling are all normal by history, particularly with respect to malabsorption and ophthalmologic, neurologic, or hematologic defects. The mother, father, and younger sister have been studied. The morphologic and chemical studies of their gastrointestinal biopsies are in Results. In addition, their plasma lipoproteins (by ultracentrifugation), plasma lipids including phospholipid distribution, red cell lipids, and autohemolysis were all within normal limits.
